Oligodendrocytes are the predominant iron-containing cells in the brain and mainly located in the vicinity of blood vessels and nerve fibres. One of the iron storage proteins located in oligodendrocytes is ferritin; the other one is transferrin. The main function of oligodendrocytes is the production of myelin. Iron is involved directly in the production of myelin as a factor supporting biosynthesis of cholesterol and lipids and indirectly due to requirements for iron during oxidative stress. Some cytokines and iron deficiency can contribute to reduced levels of iron uptake by oligodendrocytes, hence higher susceptibility of these cells to oxidative stress.
Introduction
Glial cells of the central nervous system (CNS) include oligodendrocytes, astrocytes, microglial cells and ependymal cells. Oligodendrocytes are present in both white and gray matter of the CNS. They occur in all vertebrates, except for lancelets and lampreys; their most abundant population is found in mammals [1, 2, 3, 4, 5, 6] . The best-known function of oligodendrocytes is their involvement in the process of myelination. In the animal CNS myelination begins already during the embryonic life, about the mid-prenatal period, and continues through about one month after birth, depending on species [1, 4, 7, 8, 9] . Oligodendrocytes are the main CNS cells, which contain iron. The first studies devoted to this issue regarded oligodendrocytes from poorly myelinated regions. The majority of histochemical reactions are based on the Perls` procedure, which demonstrates the presence of iron in oligodendrocytes of the regions with abundant amounts of white matter and poor in nerve fibres [10, 11, 12, 13] . Comparative interspecies studies have confirmed the presence of iron in both fish and amphibian neurons as well as the capillary endothelium of CNS. In birds iron is present in ependymocytes of brain ventricles and only in single microglial cells [1, 3, 5] . Many hypotheses have been put forward regarding the role of iron in the CNS and the issue still causes heated debates. Initially, the presence of iron in oligodendrocytes was linked with γ-amino butyric acid (GABA) metabolism as elevated levels of iron were correlated with the regions in which GABA is a neurotransmitter [13, 14, 15, 16] . The second hypothesis is based on the presence of iron in oligodendrocytes and myelin, which confirms its involvement in myelination. Myelin contains about 40% of brain lipids and oligodendrocytes synthesize large amounts of lipids during myelination. Moreover, the iron present in oligodendrocytes can also occur in complexes of enzymes involved in lipid biosynthesis. The iron contained in oligodendrocytes is not only essential for myelinisation but also for synaptogenesis, mitochondriogenesis or synthesis of various enzymes involved in the metabolism of endogenous catecholamines [9, 12, 15, 17, 18, 19] . Furthermore, iron is required for oxygen transport and energy production; therefore, it plays a key role in vital functions of cells. The time of iron availability for oligodendrocytes during development is extremely important as neurological changes and hypo myelination are observed long after the level of iron has been restored. To design the effective methods of treatment of myelination disorders, it is essential to determine the timing of iron accumulation in oligodendrocytes during development and production of myelin by oligodendrocytes [10, 11, 17, 20, 21] . The trophic factors that support the development of oligodendrocytes and myelination are the platelet-derived growth factor (PDGF) and fibroblast growth factor (FGF). The most common neurological disorders associated with iron deficiency, particularly in children, are poor learning outcomes, impaired perception and behaviour-related problems [22, 23, 24] . It is suggested that high iron levels observed in oligodendrocytes result from increased expression of enzymes directly involved in the production of myelin. Due to the ability of iron to catalyze reactions leading to oxidative stress, its high concentration in the CNS is involved in the pathogenesis of many diseases, such as multiple sclerosis (MS) or experimental allergic encephalomyelitis (EAE). Another issue regards the source of iron, which is present in the cytoplasm of glial cells. It is believed that this type of glia can synthetase transferrin, which is its source of iron, or transferrin can be transferred with circulation to oligodendrocytes. Another source of iron present mainly in mammalian oligodendrocytes is ferritin [1, 10, 17] . The aim of the present study was to analyse the iron content in rat oligodendrocytes in two CNS regions during the postnatal period, after the completion of myelination when the myelin sheaths are fully developed. The first region studied was the cortex frontal is rich in neurons yet poorly myelinated whereas the se-Arch Physiother Glob Res 2014; 18 (2):39-42 cond one was the corpus callosum deprived of neurons but highly myelinated.
Material and methods
The study was conducted in ten 90-day-old male Wistar rats. The study design was approved by the Local Bioethics Committee for Animal Experiments. Animals were fully anaesthetized using 10% ketamine; their left ventricles were perfused and the selected brain regions collected. Preparations were frozen, cut into 70-µm sections, placed in the solution of 0.25N HCL, 2% potassium ferricyanide (K3Fe(CN)6), 8% Triton X-100 and rinsed with physiological saline. Subsequently, sections were incubated in the dark in the solution of 3,3-diaminobenzidine (DAB), 0.01 M Tris-HCl and 30% H2O2. After incubation sections were rinsed with phosphate buffered saline (PBS), dehydrated and mounted with DPX. Histochemical analysis and digital imaging were performed with the light microscope Olympus BX40 attached to a digital camera of the Color View IIIu Soft Imaging System (SIS).
Results
Many studies regarding iron distribution in the CNS are based on classical histochemical method of Perls` staining in which potassium ferricyanide with 3,3ˋ-diaminobenzidine (DAB) is used to enhance the reaction. The use of this histochemical reaction resulted in a brown product located in the cytoplasm of oligodendrocytes as well as their processes. The reaction was also observed outside the oligodendrocytes, in the regions most likely corresponding to myelin sheaths. In the poorly myelinated region, i.e. cortex frontalis, the distribution of oligodendrocytes with the histochemical reaction product was most intensive in the middle part of the cortex. In this part of the brain, oligodendrocytes were located individually (Fig.1) .
In the highly myelinated region, i.e. corpus callosum, the reaction product was found in oligodendrocytes placed in rows; moreover, the reaction was detectable in the nerve fibres lying between glial cells (Fig.2. ) Fig. 2 . Fragment of corpus callosum of a 90-day-old rat. Oligodendrocytes (  ) characteristically placed in rows and fibre bundles (wl) between them show the histochemical reaction product for the presence of iron . Magnification: x1000.
Discussion
The localization of iron in oligodendrocytes in the selected rat brain regions was determined using the histochemical method. In the cortex frontalis, the histochemical reaction for the presence of iron was located in the cytoplasm and processes of oligodendrocytes. Moreover, in the deeper cortex layers, the reaction   Fig. 1 . Fragment of cortex frontalis of a 90-day-old rat. The reaction product for the presence of iron is visible in the oligodendrocyte cytoplasm (  ), processes ( ) and between these cells. Magnification: x1000 product was located not only in oligodendrocytes but also between them, which confirms the presence of iron in myelin sheaths. Similar results were reported by Le Vine et al. [12] . In the region rich in nerve fibres, i.e. corpus callosum, the histochemical reaction product was located in oligodendrocytes, which were characteristically placed in rows between the bundles of nerve fibres and in nerve fibres themselves. Histochemical examinations for the presence of iron demonstrated the reaction product in oligodendrocytes in the selected rat brain regions. The distribution pattern of histochemically stained oligodendrocytes proves that these glial cells contain iron, irrespective of their location. In mammals in the regions rich in nerve fibres, i.e. in the cerebellum, black matter or corpus striatum, the main cells of the CNS are oligodendrocytes [1, 21, 25] . This is likely to evidence that the iron accumulated by oligodendroglia markedly affects the myelination-related function of these cells. Since oligodendrocytes do not synthetase iron, they have to acquire it; therefore, they have the mechanisms of accumulating iron. Oligodendrocytes are located in the close vicinity of capillaries [10, 22, 26] . Already during the second week after birth, the distribution of iron in oligodendrocytes accurately corresponds to the places of myelination, which indicates the functional dependence between iron accumulation and myelin production [1, 9, 11, 15, 16] . The above findings were confirmed by Connor et al. [11, 15, 17, 18] , who demonstrated that the peak iron absorption in the CNS coincides with the peak myelination. Iron is needed as a cofactor of cytochrome b and c as well as complexes of the oxidation chain Fe/S, i.e. it is necessary for the production of energy in the form of ATP [11, 15, 17, 18] . Many enzymes associated with the production of ATP and cholesterol or synthesis of fatty acids are precursors involved in the formation of myelin and depend on the amount of iron. Iron deficiency leads to impairment and degradation of those proteins, which substantially decreases the production of energy, thus leads to reduced formation of myelin. Two proteins, transferrin and ferritin, are involved in maintaining iron homeostasis in the brain. The transport of iron in the CNS mainly occurs through the brain-blood barrier (BBB) and is traditionally mediated by transferrin. Despite the lack of transferrin receptors in mature oligodendrocytes, it is still believed that these are the main cells accumulating iron in the CNS [21, 23, 25, 26] . Ferritin is a protein storing iron and ferritin in oligodendrocytes can bind about 1/3 of total iron amount in the brain. Typically, ferritin is considered an iron buffer as it is capable of removing its excess, thus deactivating toxic effects of iron free radicals. Ferritin is a protein having 24 subunits and is composed of two chains: heavy (H) and light (L). Although the brain contains twice as many H chains compared to L chains, the ratio of both chains depends on a particular brain region and type of cells. The ferritin H chain is predominantly present in neurons, the ferritin L chain in microglial cells whereas the mixture of both chains is observed in oligodendrocytes. The distribution of these subunits is consistent with the function and is assigned to appropriate cells. The ferritin L chain occurs mainly in the microglia and is associated with the storage of iron; otherwise, ferritin H chains are abundant in neurons and oligodendrocytes due to a high metabolic activity of these cells. The ferritin H chain most likely acts as a protein supplying iron to the brain and its specificity of localization in oligodendrocytes suggests that the supply of iron is mainly mediated by transferrin. The potential source of H-ferritin transport is the BBB; another source is the microglia. The study findings suggest that in the early postnatal period the microglial cells accumulate iron and subsequently deliver it to the developing oligodendrocytes, which supply it during myelinisation [1, 16, 17, 19, 21, 23] .
Conclusions
Irrespective of their location, oligodendrocytes are the cells, which accumulate iron essential for myelinisation and for many metabolic processes of neurons. The location of oligodendrocytes in the close or immediate vicinity of neurons, capillaries and the presence of iron in these cells indicate their involvement in the metabolism of iron both in the cortex frontalis and in the corpus callosum.
